Recent work indicates that subpopulations of human fecal bacteria, averaging ~1% of the total viable fecal flora, degrade the oligosaccharide side chains of hog gastric mucin, which structurally resembles human epithelial mucins. Here we report studies to determine whether degradation of mucin oligosaccharides is related to glycosidase production by bacteria growing in anaerobic fecal cultures. Triplicate cultures containing hog gastric mucin were inoculated with serially diluted feces from each of seven healthy subjects. When the stationary growth phase was attained, mucin oligosaccharide degradation and both cell-bound and extracellular activities of four glycosidases were measured in each culture. Cell-bound b-d-galactosidase, b-N-acetylglucosaminidase, and sialidase were present in bacteria growing at all levels of fecal inocula, including 10 −11 g. In contrast, extracellular activities were present in every culture inoculated with 10 −4 −10 −7 g feces, but were diminished or absent in cultures inoculated with 10 −8 −10 −11 g feces. Bacterial autolysis was an unlikely cause of extracellular glycosidase activity, since p-nitrophenyl-a-lfucosidase remained cell bound in cultures at every level of fecal inoculum. Degradation of mucin oligosaccharides was associated with extracellular, but not with cell-bound b-dgalactosidase, b-N-acetylglucosaminidase, and sialidase. Among the seven subjects, the estimated most probable numbers (MPN) of fecal bacteria producing extracellular b-dgalactosidase, b-N-acetylglucosaminidase, and sialidase ranged from 10 6 −10 10 /g dry fecal wt, were comparable to the MPN of mucin-degrading bacteria, and were significantly smaller than the […] Find the latest version: We interpret these findings as evidence for the existence of bacterial subpopulations in the normal fecal flora that produce extracellular glycosidases, and that these subpopulations have a major role in degrading the complex oligosaccharides of mucin in the gut lumen.
A B S T R A C T Recent work indicates that subpopulations of human fecal bacteria, averaging -1% of the total viable fecal flora, degrade the oligosaccharide side chains of hog gastric mucin, which structurally resembles human epithelial mucins. Here we report studies to determine whether degradation of mucin oligosaccharides is related to glycosidase production by bacteria growing in anaerobic fecal cultures. Triplicate cultures containing hog gastric mucin were inoculated with serially diluted feces from each of seven healthy subjects. When the stationary growth phase was attained, mucin oligosaccharide degradation and both cell-bound and extracellular activities of four glycosidases were measured in each culture. Cell-bound,j-D-galactosidase, ,B-N-acetylglucosaminidase, and sialidase were present in bacteria growing at all levels of fecal inocula, including 10-'1 g. In contrast, extracellular activities were present in every culture inoculated with 10-4-10-7 g feces, but were diminished or absent in cultures inoculated with 10-8_ 10-11 g feces.
Bacterial autolysis was an unlikely cause of extracellular glycosidase activity, since p-nitrophenyl-a-Lfucosidase remained cell bound in cultures at every level of fecal inoculum. Degradation of mucin oligosaccharides was associated with extracellular, but not with cell-bound f3-D-galactosidase, 18-N-acetylglucosaminidase, and sialidase. Among the seven subjects, the estimated most probable numbers (MPN) of fecal bacteria producing extracellular 8-D-galactosidase, f8-N-acetylglucosaminidase, and sialidase ranged from 106_ 1010/g dry fecal wt, were comparable to the MPN of mucin-degrading bacteria, and were significantly smaller than the MPN of total fecal bacteria.
INTRODUCTION
Among the potentially important catabolic activities of the enteric microflora is the degradation of structural macromolecules such as mucus glycoproteins and cell membrane glycolipids. Enteric bacteria degrade both the carbohydrate and the protein moieties of mucin glycoproteins, the former extensively (1) (2) (3) . This requires that bacteria produce glycosidases with the appropriate specificities for each of the glycoside linkages within the oligosaccharide side chains, as well as proteases that act on the polypeptide core. Although a variety ofenteric bacteria produce glycosidases active against synthetic substrates in pure culture (4), and such activities have been measured in cecal contents (5) , feces (6) , and anaerobic fecal cultures (2), little is known about the fecal population densities of glycosidase-producing bacteria that degrade mucin oligosaccharides.
To define better the bacterial populations involved in gut mucin degradation, we have studied degradation of hog gastric mucin (HGM)1 in liquid anaerobic fecal cultures. The oligosaccharide side chains of HGM ( Fig. 1 ) resemble those of human ovarian cyst and gastric mucins (8) glucosamine residues, with alpha-linked glycosides at the nonredtucing end that confer blood group A, B, H, and Lewis activity (man), and A and H activity (hog). Degradation of the side chain shown in Fig. 1 would require a minimum of five exoglycosidases: an A-degrading a-N-acetylgalactosaminidase, an H-degrading a-Lfucosidase, f3-D-galactosidases and 8-N-acetylglucosaminidases with appropriate linkage specificities acting sequentially along the chain, and an a-N-acetylgalactosaminidase cleaving the linkage of the first saccharide with either serine or threonine. We have recently found that mucin degradation in 11 healthy stubjects was associated with bacterial subpopulation(s) constituting -1% of the total fecal flora and numbering 101-109 organisms/g fecal dry wt in most subjects. (9) .2 We have previously shown (10, 11) that the glycosidases required for cleavage of the alpha-linked terminal ABH-determinant glycosides were produced by bacterial subpopulations with fecal population densities averaging -107-108/g fecal wet wt. In this paper we report studies investigating the relationship between mucin degradation and bacterial production of /-D-galactosidase, ,B-N-acetylglucosaminidase, and sialidase in replicate anaerobic cultures inoculated from serially diluted feces. Sialidase was studied because sialic acid is present in intestinal goblet cell mucins (12, 13) . The results suggest that degradation of mucin oligosaccharides is associated with subpopulations of enteric bacteria that produce these glycosidases as extracellular enzymes.
METHODS
Materials. Stool samples were obtained from seven healthy subjects who had not received antibiotics for at least 6 mo. Their mean age was 49 yr (range 32-57 yr). Two were females, and all were secretors of their blood group antigen. Samples were inoculated within 1 h of defecation in six subjects. The mean+SD dry fecal weight from the seven subjects was 27.0±4.7% of wet weight. Anaerobic culture medium, described elsewhere,2 was a semidefined medium containing acid-hydrolyzed casein, minerals, vitamins, purine bases, uracil, and 1 mg/ml D-glucose. Growth was limited by monosaccharide concentration. Anaerobic techniques. Medium preparation, storage, inoculation, and incubation were performed in an atmosphere of 95% N2-5% CO2 that had been passed over copper at 450°C to remove traces of oxygen (10, 14) .
Inoctulationz, inicublation, atnd harvest of ctultures. A weighed aliqtuot of fresh feces was dried in vacuo at 90°C, cooled over P203, and reweighed for dry weight determination. A second weighed 1-g aliquot was thoroughly suspended in 10 ml anaerobic medium, and serial 10-fold dilutions were made in anaerobic medium from 10-4 to 10-11g/ml. Three 1.0-ml aliquots from each dilution were then inoculated into three tubes containing 9 ml anaerobic medium. Thus, there were three cultures at each level of fecal inoculum from 10-4 to 10-11 g in five subjects and from 10-6to 10-1I g in two others.
Cultures were incubated at 37°C, and bacterial growth in each was monitored by measuring the increase in optical turbidity at 660 nm. Cultures were harvested within the first 24 Enzyme assays. f8-D-Galactosidase, f8-N-acetylglucosaminidase, and a-L-fucosidase activities were measured by the rate of release of p-nitrophenol from their p-nitrophenyl glycosides. p-Nitrophenol concentration in the incubation mixture was measured by the optical density at 400 nm after adding 2.70 ml 0.5 M Na2CO3 to 0.30 ml incubation mixture. Sialidase was measured by the rate of release of N-acetylneuraminic acid from serum orosomucoid prepared from pooled human serum by the method of Weimer and Winzler (15) . N-Acetylneuraminic acid concentration in the incubation mixture was measured by the thiobarbituric acid method of Warren (16) . Correction for chromogen formation by 2-deoxypentoses was made by measurements of optical density at 549 and 532 nm (17) . Assays were performed at 37°C. Each incubation mixture comprised equal volumes of substrate and sample, and contained 0.1 M NaCl, 20 mM N-[2-acetamido]-2-aminoethane sulfonic acid (ACES) buffer (18), pH 6.4, 1 mM MgCl2, and 0.1 mM disodium EDTA. The assay conditions for each enzyme were such that the rate of product formation was proportional to enzyme concentration. Preliminary studies revealed that the activity of each glycosidase was enhanced when ACES buffer was substituted for phosphate buffer. Even though ACES buffer has metal-chelating properties (18) , addition of 0.1 mM disodium EDTA together with 1 mM MgCl2 to the incubation mixtures further enhanced f3-D-galactosidase activity without affecting the activities of /-N-acetylglucosaminidase and sialidase. Parallel incubations of substrate and heat-inactivated samples served as reagent blanks for each assay, and duplicate assays were performed with each sample. A pH of 6.4 was chosen because it is within the optimum pH range for ABH blood group-degrading glycosidases (10) and for mucin oligosaccharide degradation in anaerobic fecal cultures.3 1 mU of activity is defined as the amount of enzyme that releases 1 nmol of product/min at 37°C and pH 6.4, and is expressed as milliunits per milliliter of each 10 ml culture or as the specific activity milliunits per milligram of bacterial protein. Absence of extracellular B3-D-galactosidase and f3-N-acetylglucosaminidase activities was defined as activity < 0.50 mU/ml, and absence of sialidase as activity < 0.05 mU/ml. Activities less than these fell within the 0 + 2 SD mU/ml range found for assays of 10 replicates of heat-inactivated culture supemates. The operational definition of extracellular enzyme activity is the activity present in each culture supernate, cell bound activity is that present in the bacterial sonicate fraction, and combined activity is the sum of extracellular and cell-bound activity per milliliter of each 10 ml culture or per milligram bacterial protein.
We performed the following study to confirm that assays of ,3-D-galactosidase and f8-N-acetylglucosaminidase using their p-nitrophenyl glycosidase substrates were valid meas3Variyam, E. P., and L. C. Hoskins. Manuscript in preparation.
ures of their activities in cleaving 13-D-galactose and fl-D-Nacetylglucosamine from glycoprotein oligosaccharides. Dialyzed supernates of 12 different anaerobic fecal cultures were assayed for each activity using the p-nitrophenyl glycosides as described above. Then each culture supemate was assayed for f8-galactosidase activity by measuring the rate of release of D-galactose from 10 mg/ml asialo-a,-acid glycoprotein at pH 6.4 and 37°C. The released galactose was measured by the method of Meisler (19) . Each supemate was also assayed for f3-N-acetylglucosaminidase by measuring the rate of release ofN-acetylhexosamine from 10 mg/ml asialo-agalacto-a,-acid glycoprotein at pH 6.4 and 370C. The released Nacetylhexosamine was measured by the method of Reissig et al. (20) , using N-acetylglucosamine as standard.
Protein concentration. In the bacterial sonicate and residue fractions of each culture, protein concentration was determined by the method of Lowry et al. (21), using crystalline human serum albumin as standard. Bacterial protein concentration was the sum of the protein concentrations in the bacterial sonicate and residue fractions of each 10 ml culture. In six studies, each involving 21 or 22 cultures, optical turbidity at harvest correlated well with bacterial protein concentration (median correlation coefficient = 0.94, range 0.60-0.98). Therefore, bacterial protein concentration was used as a measure of bacterial population density.
Mucin degradation. Mucin degradation during growth of bacteria in each culture was measured as the percent decrease in mucin hexose concentration compared with the concentration in an uninoculated tube of the same batch of culture medium. Ethanol was added to the 2-ml heat-inactivated aliquot from the uninoculated control medium and from each culture supemate to a final concentration of 60% vol/vol. The precipitated residual mucin was recovered by centrifugation, reconstituted in 0.1 M NaCl, and assayed for hexose content by the anthrone method of Mokrasch (22) , using D-galactose as standard. Cultures in which the decrease in mucin hexose concentration was s25% are defined as exhibiting no mucin oligosaccharide degradation. A preliminary study of a culture exhibiting 95% degradation of mucin hexoses, 56% degradation of mucin protein, and complete loss of A and H antigen titers revealed no evidence for binding ofthese mucin constituents to the bacterial pellet.
Estimlationt of most probable numbers. The most probable numbers (MPN) (23) per gram feces of total bacteria, facultative anaerobes, bacteria producing extracellular glycosidases, and bacteria degrading mucin oligosaccharides were obtained from published tables (24, 25) . They were determined from the proportion of positive cultures among the replicates from each fecal dilution over the transition between those dilutions in which all replicates were positive and those in which none were positive. The log,, 95% confidence limits of the MPN for 10-fold serial dilutions and three replicates per dilution is +0.670 (23) .
Data reduction and statistical tests. To obtain an estimate of fecal sampling variation, five samples, each containing a part of the surface and inner portion, were obtained from different sections of a single stool specimen. Cultures were inoculated with 10-2 and 10-' g from each of the samples. The bacterial protein concentration, the percent degradation of mucin hexoses, and the combined cell-bound plus extracellular glycosidase activities were determined at each level of fecal inoculumii, and their coefficients of variation (CV) were calculated.
Comparison of intrasubject with intersubject variation of bacterial population density and glycosidase activities at each level of fecal inoculum was made by analysis of variance (26) . Bartlett's test (26) was used for assessing homogeneity of variance.
Because of frequently wide and skewed variations of bacterial population density, percent degradation of mucin hexoses, and glycosidase activities in triplicate cultures inoculated with <10-7 g feces, nonparametric methods were required for data evaluation. Therefore, for comparison of glycosidase activities at different levels of fecal inoculum the median value within each subject's set oftriplicate cultures at each fecal inoculum level was assigned to represent the median value for that subject. The median values of all the subjects at each level offecal inoculum were next arrayed and the median value of these was assigned as the group median at that level of fecal inoculum. In cultures inoculated with 10-11 g feces, growth occurred in only one of the triplicate cultures from four of the seven subjects. The median values at 10-11 g were derived from the values obtained in the four individual cultures.
A similar method was used to compare glycosidase activities with mucin degradation. Individual cultures from each subject were arrayed within each of three categories, depending upon their exhibiting no (0-25%), moderate (26-75%), or extensive (76-100%) mucin hexose degradation, and the median extracellular and cell-bound enzyme activities were determined within each category. The group median values within each category were then computed from the array ofthe subjects' individual median values.
Significance of differences between two independent samples was evaluated by the Mann-Whitney U test, and between more than two independent samples by the KruskalWallis one-way analysis of variance by ranks (27) . P values > 0.05 were considered not significant.
RESULTS
For adequate assessment of findings it was first necessary to (a) define a concentration of HGM in the culture medium that yielded maximum glycosidase activities, (b) determine that p-nitrophenyl glycosides are valid substrates for measuring f-D-galactosidase and f3-N-acetylglucosaminidase activities active on mucin oligosaccharides, and (c) evaluate sampling variations. The results are as follows.
Effect of HGM concentration on bacterial growth and glycosidase production in anaerobic fecal cultures. HGM added to the culture medium increased the bacterial population density and the production of bacterial glycosidases. To establish a concentration of HGM that would yield maximum glycosidase activities in anaerobic fecal cultures, the bacterial population density and glycosidase activities were measured in cultures containing increasing concentrations of HGM and inoculated with 10-4 g feces. The result is shown in Fig. 2 . Bacterial population density increased progressively with increasing HGM concentration: at 2 mg/ml it had doubled, and at 10 mg/ml it had tripled.
Both ,8-D-galactosidase and,B-N-acetylglucosaminidase were enhanced more than fivefold by 1 mg/ml HGM, and sialidase increased from undetectable levels to >1 mU/mg. Extracellular activity was enhanced in proportion to the total activity. p-Nitrophenyl-a-L-fucosidase activity was not enhanced by HGM The specific activities of 8-D-galactosidase, 8-Nacetylglucosaminidase, and sialidase showed a consistent pattern in cultures from each of the seven subjects. Extracellular activity ofeach glycosidase was uniformly present in cultures inoculated with 10--10-7 g feces, but below 10-7 g it was diminished or absent from most cultures, so that in those inoculated with 10-10 and 10-11 g feces, the majority had either no extracellular activity or <1 mU/mg. The absence of extracellular activity in most cultures inoculated with sl10-8 g feces is evident in Fig. 4 , which displays the group-median extracellular activity of each glycosidase, expressed as percent cell-bound plus extracellular activity, in cultures from the seven subjects throughout the range of fecal inocula. In contrast, cell-bound activity occurred in bacteria growing from all levels of fecal inocula, including 10-"1 g. This is shown in Table II , where the group median values for extracellular and cell-bound activities at each level of fecal inoculum are summarized. Analysis of variance by ranks of the median extracellular activities of these glycosidases at all levels of fecal inocula disclosed statistically significant differences due to the absence of extracellular activity in many ofthe cultures inoculated with 10-8_10-11 g feces. In contrast, there were no statistically significant differences in the median cellbound activities throughout the range of fecal inocula.
The substantial extracellular enzyme activities in fecal cultures inoculated with 10-4-10-7 g feces could be due to either extensive autolysis of bacteria during growth or to the presence of subpopulations of bacteria producing extracellular glycosidases that are diluted out when the fecal inocula are < 10-7 g. The results with p-nitrophenyl-a-L-fucosidase strongly suggest that autolysis is an unlikely factor. Like the other glycosidases, it was present in cell-bound form in nearly every culture, including two of the four inoculated with 10-11 g feces (Table II) . In contrast, only very small amounts of extracellular activity were found at each level of fecal inoculum, which in 75% of the cultures did not exceed 0.3 mU/mg or 5% of cell-bound plus extracellular activity (Fig. 4) . Furthermore, the low levels of its extracellular activity throughout the range of fecal inocula were not statistically significantly different from one another.
Mucin degradation. In all cultures inoculated with 10-4 10-6 g feces, mucin oligosaccharide degradation uniformly exceeded 90%, but at levels of fecal inoculum < 10-7 g, the frequency of mucin degradation in cultures decreased. This is shown in Fig. 5, where group median value for percent mucin hexose degradation in cultures from the seven subjects is plotted at each level of fecal inoculum. There is sharp transition from 10-7 g, where cultures from five of the seven subjects degraded >90% of the mucin hexoses, to 10-9 g, where cultures from five of the seven subjects were within the 0-25% range defined as no mucin degradation. At 10-10 g, only one subject's cultures degraded mucin, and no culture with 10-1I g inoculum degraded it.
Since the monosaccharide concentration of the culture medium was growth limiting, glycosidic cleavage of monosaccharides from mucin oligosaccharides should result in greater bacterial population densities in those cultures where the mucin was degraded. This prediction was borne out by the results summarized in Fig. 6 . Here the median values for bacterial protein concentration are arrayed against the extent of mucin hexose degradation in cultures inoculated with 10-6 10-11 g feces from each of the seven subjects. Cultures in which the mucin oligosaccharides were extensively degraded had significantly greater bacterial population densities than those with little or no mucin degradation (P < 0.005).
Relationship between mucin degradation and extracellular glycosidase activities. In any given culture, degradation of mucin oligosaccharides was associated with the level of extracellular glycosidase activities and not with the level ofcell-bound activities. This is shown in Table III FIGURE 6 Relationship between median values of bacterial population density, measured as bacterial protein concentration, and extent of mucin hexose degradation in cultures inoculated with 10-6_10-11 g feces from each of seven subjects. There is a statistically significant association between bacterial population density and extent of mucin hexose degradation (P < 0.005).
of extracellular activity and degradation of mucin hexoses. Statistically significant differences between the glycosidase activities and extent of mucin hexose degradation were present only with extracellular and not with cell-bound activity.
Prolonging the incubation ofbacteria possessing cellbound glycosidase activities with HGM did not result in appreciable degradation of mucin oligosaccharides. Thus, in a separate study, five cultures inoculated with 10-10 g feces showed no degradation of mucin hexoses after 99 h incubation, whereas in one culture inoculated with 3 x 10-10 g feces there was slight (34%) degradation after 88 h.
Estimatedfecal population densities ofbacteria producing extracellular glycosidases. On the assumption that the extracellular glycosidase activities were produced by subpopulations of fecal bacteria, we estimated their MPN and compared them with the estimated MPN of total bacteria and of those degrading mucin oligosaccharides. The results (Table IV) reveal that the median MPN for bacteria producing each of the extracellular glycosidases was significantly less than that for total bacteria, and ranged from a maximum of 8 Nor is it known whether the various glycosidases required for mucin degradation in individual human subjects are all produced by one or a few species, or are each produced by more specialized species working cooperatively. Although aerobes and facultative anaerobes, notably Bacillus (29) and Streptococcus (30, 31) species, produce extracellular hydrolases, our findings suggest that their contribution to glycosidase production may be less important than that of obligate anaerobes. Among obligate anaerobes, Bacteroides species constitute -20% of the normal fecal flora. But Salyers et al. (32) found that none of 188 strains from 10 Bacteroides species isolated from human colon contents fermented porcine gastric mucin, and only 3 strains fermented bovine submaxillary mucin. These workers also tested 154 strains from 22 other anaerobic species that were present in concentrations of .-109/g human feces. Only eight strains fermented porcine gastric mucin, and these were from two species, Ruminococcus torques and Bifidobacterium bifidum (33) . The method used by these workers for determining mucin utilization was measurement of the decrease in medium pH during anaerobic incubation of the cultures. The extent to which this can be equated with production of the various extracellular glycosidases is not known, but their observations are consistent with ours in indicating that degradation of mucin oligosaccharides is a specialized functional activity of one or more subpopulations of human enteric bacteria.
The ecological role of subpopulations producing extracellular glycosidases remains to be defined. It is likely that they provide a nutritional function to the colonic microbial ecosystem as a whole. Thus, most of the strains isolated by Salyers et al. (32, 33) used monosaccharides as primary energy sources, including those present in mucin oligosaccharide side chains. Prior cleavage of these monosaccharides by the extracellular enzymes produced by the mucin-degrading subpopulations would provide energy sources for more abundant species ofhuman fecal bacteria. This hypothesis is supported by our results showing greater bacterial population densities in cultures where the mucin oligosaccharides were degraded (Fig. 6) .
It is also likely that the extracellular glycosidases act on substrates other than mucin glycoproteins in the colon lumen. The oligosaccharides of cell membrane glycolipids (34) and glycoproteins (35) , including the disaccharidases ofthe enterocyte brush border (36) , are comprised of glycoside linkages resembling those of mucin oligosaccharides. Damage to the brush border (37) and loss of its disaccharidase activity in bacterial overgrowth syndromes (38) may be due in part to the glycosidases elaborated by these subpopulations. Furthermore, extracellular glycosidases can degrade the surface heteroglycans from the cell walls ofthe resident enteric bacteria. Thus, loss of the blood group Blike somatic antigen on Escherichia coli 086 during incubation with cell-free fecal extracts and fecal culture supernates appeared to be due to bacterial glycosidases (39) . The results of such degradation would be loss of the antigenic specificity normally associated with these structures (40) , and perhaps also an attenuation of the pathogenicity of some species of enteric bacteria (41) .
It appears legitimate to regard bacteria producing extracellular glycosidases as constituting one or more functionally distinct subpopulations of the human enteric microflora. By degrading mucin oligosaccharides, these subpopulations have a nutritionally supportive role in the enteric microbial ecosystem.
Other activities by these subpopulations may be ofconsequence to human health and will require further investigation.
